Introduction {#sec1}
============

The growing need for carbon neutral energy technologies is a major driver of materials science nowadays. Photoelectrochemical (PEC) solar energy conversion, as a potentially attractive candidate, has gained an increased momentum during recent years.^[@ref1]^ Although both water-splitting (hydrogen evolution) and carbon dioxide reduction are promising avenues, they both have substantial shortcomings to be addressed. A common virtue of these two processes is that a good photoelectrode has to concurrently fulfill many attributes to drive these reactions efficiently.^[@ref2]^ These include (i) narrow bandgap, (ii) optimal valence and conduction band positions to drive the desired processes, (iii) good photochemical, chemical, and electrochemical stability over a wide pH and potential window, (iv) facile charge transfer kinetics, (v) high selectivity toward the formation of the targeted products, (vi) low toxicity, and finally (vii) reasonable production cost.^[@ref3]−[@ref5]^ Although several inorganic semiconductors (SCs)^[@ref6]^ have been tested in these PEC processes, still there is no single material that bears all the above-mentioned properties.

Organic SCs are conceptually different alternatives from their inorganic counterparts. The category of organic SCs can be divided into three main categories: (i) amorphous molecular films, (ii) molecular crystals, and (iii) conducting polymer films (CPs).^[@ref7]^ Among these groups, here we focus on organic conducting polymers (also called conjugated or semiconducting polymers), which typically behave as p-type semiconductors in their reduced form.^[@ref8],[@ref9]^ The first PEC studies were conducted on polyaniline dating back to the mid-1980s,^[@ref8]^ when small cathodic photocurrents were observed applying negative bias and visible light irradiation. Since then, a few studies were published on this topic,^[@ref10]−[@ref17]^ and the PEC behavior was studied also for polypyrrole,^[@ref9],[@ref18]^ poly(3-methyltiophene),^[@ref19]−[@ref21]^ substituted polyanilines,^[@ref10]^ and poly(benzimidazobenzophenantroline).^[@ref22]^ At the same time, the fundamental understanding of the physical--chemical processes occurring at the irradiated solid/liquid interface is still missing. Among others, these include the light intensity dependence of the photocurrent or the effect of the layer thickness.

PEDOT is a narrow-bandgap CP and has a broad absorption band in its reduced form ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). Moreover, this spectrum overlaps with the solar spectrum, which further highlights the promise of this material in solar fuel generation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). PEDOT has been successfully applied as an electrocatalyst for oxygen reduction and also proven to be a very stable and robust CP in dark conditions.^[@ref23]^ PEDOT and its derivatives have already been widely used as hole-transporting materials in dye-sensitized and perovskite solar cells, too.^[@ref24]−[@ref28]^ We have confirmed that PEDOT is stable under solar irradiation, and no degradation product was detected by gas-chromatographic analysis (unlike under UV irradiation; see details in [Supporting Information and Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)). Despite all these facts, there is no comprehensive study in the literature on the PEC behavior of PEDOT.

![(A) Comparison of the UV--vis spectrum, recorded for a PEDOT layer (*Q*~pol~ = 25 mC cm^--2^), at *E* = −0.9 V in 0.1 M Na~2~SO~4~ solution, saturated with Ar with the irradiance spectrum of the solar simulator. (B) Photovoltammogram recorded in 0.1 M Na~2~SO~4~ saturated with Ar for a PEDOT film, electrodeposited with optimal polymerization charge density (*Q*~pol~ = 50 mC cm^--2^) on glassy carbon electrode. The sweep rate was kept at 2 mV s^--1^, while the light-chopping frequency was 0.1 Hz. (C) Maximum photocurrent vs polymerization charge density plot.](jp-2018-00145r_0001){#fig1}

Unfortunately, CP photoelectrodes suffer from low charge carrier mobility, which results in extensive recombination and thus small photocurrents. Their typical charge carrier mobility values are 0.01--0.1 cm^2^ V^--1^ s^--1^ (for poly(3-hexylthiophene)^[@ref29]^ and 0.045--1.7 cm^2^ V^--1^ s^--1^ (for PEDOT:(poly(styrenesulfonate)).^[@ref30]^ Accordingly, it is not possible to increase the polymer thickness on the current collector to a level where light absorption is sufficient because the photogenerated charge carriers recombine before they could be fully extracted. This statement has been corroborated by the linear sweep voltammograms of PEDOT layers deposited by varying the polymerization charge densities ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C.). The thickness of the polymer was varied approximately in the 5--75 nm range.^[@ref31]^ The photocurrent reached its maximum value at 50 mC cm^--2^ PEDOT loading, without further enhancement by increasing the layer thickness (even a decrease was observed at very high loadings).

A possible way to overcome the limited conductivity of PEDOT is to deposit the polymer on a highly conductive nanostructured scaffold. Thus, the distance that charge carriers have to travel toward the solution and the current collector is reduced. Carbon nanomaterials, such as CNTs and graphene, are attractive candidates in this vein.^[@ref32],[@ref33]^ These nanocarbons have already been combined with inorganic SCs, and the resulting nanocomposites were studied in photocatalysis, photovoltaics, and PEC reactions.^[@ref34]−[@ref40]^ Contrastingly, the beneficial properties of CP/nanocarbon hybrid electrodes have been only exploited in fields outside solar energy conversion, most importantly in supercapacitors.^[@ref41],[@ref42]^ There is only one exception, namely, the family of CP/fullerene nanocomposites, which is applied in bulk-heterojunction solar cells.^[@ref43],[@ref44]^ In these solar cells both the CP and the fullerene are photoactive. In the current study, however, only the CP is photoactive, while the nanocarbons act as metallic conductors. On the basis of the above discussion, the question occurs instantaneously: *Do conducting polymers behave similarly to inorganic semiconductors in these hybrids, or do the different physical--chemical properties result in different synergistic activity?*

In this study, we present the PEC behavior of PEDOT/CNT and PEDOT/graphene nanocomposite photoelectrodes. According to the best of our knowledge, this is the first instance where CP/nanocarbon composites are studied as photoelectrodes. We investigated the effect of the PEDOT/nanocarbon ratio and the nanocarbon loading on the PEC behavior. We demonstrated that the high specific surface area and the improved charge carrier transport both contribute to suppressed recombination and consequently higher photocurrent values. Finally, we show that the enhancement is more pronounced compared to the inorganic semiconductor counterparts.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Sodium dodecyl sulfate (SDS, Alfa Aesar), sodium sulfate (Na~2~SO~4~, VWR), sodium hydrogen carbonate (NaHCO~3~, VWR) were of analytical grade and used without further purification. Graphene powder was purchased from Elicarb (premium graphene powder), while multiwall carbon nanotubes were purchased from Cheap Tubes USA. Nitrogen (N~2~, 99.995%), carbon dioxide (CO~2~, 99.995%), and argon (Ar, 99.999%) gases were purchased from Messer. The monomer 3,4-ethylenedioxythiophene (EDOT, SigmaAldrich, 97%) was vacuum-distilled prior to each use. All solutions were prepared using deionized water (Millipore Direct Q3-UV, 18.2 MΩ cm).

Nanocomposite Preparation {#sec2.2}
-------------------------

Nanocarbons were spray-coated to the supporting electrode surface, which was followed by the subsequent deposition of PEDOT onto the surface of the nanocarbons. This method was favored over co-deposition because in this way a direct contact was formed between the nanocarbon and the supporting electrode surface; therefore the expected enhancement in the charge carrier transport and conductivity can be ensured.^[@ref42]^ In addition, by employing this two-step process, we could use pristine (i.e., nonoxidized) nanocarbons, which is very important to ensure sufficient conductivity. First, the CNT-containing (*c* ≈ 2 mg mL^--1^) and the graphene-containing dispersion (*c* ≈ 2 mg mL^--1^) was spray-coated on a preheated glassy carbon (GC) electrode surface, employing an Alder AD320 type airbrush and a homemade spray-coater robot operated with 1 bar compressed air pressure. The electrodes were heated with a hot plate to 140 °C for the coating process. Then, the thin films were heat treated in an oven at 180 °C. While the graphene layers spent only 30 min in the oven, the CNT layers were treated for 1 h. This treatment removed the residual traces of the solvent and enhanced the adhesion of the nanocarbon layers to the underlying electrode surface. The precise amount of spray-coated nanocarbons was monitored by a Mettler Toledo XPE-26 type analytical microbalance ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)).

Structural and Morphological Characterization {#sec2.3}
---------------------------------------------

Raman spectroscopic measurements were performed on a DXR Raman microscope using a green laser (λ = 532 nm), operating at 5 mW laser power. For these measurements, nanocarbons were spray-coated on a Au working electrode to exclude the signals originating from the GC electrode surface. Transmission electron microscopic (TEM) images were recorded by using a FEI Tecnai G2 20 X-Twin type instrument, operating at an acceleration voltage of 200 kV. A Hitachi S-4700 field emission scanning electron microscope (SEM) was operated at an accelerating voltage of 10 kV.

(Photo)Electrochemical Measurements {#sec2.4}
-----------------------------------

All electrochemical measurements were performed on a Metrohm Autolab PGSTAT302 type potentiostat/galvanostat. The electropolymerization of EDOT was carried out in a classical three-electrode cell setup, including a Ag/AgCl/3 M NaCl as reference and a Pt sheet as a counter electrode. EDOT was electropolymerized from a solution containing 0.05 M SDS and 0.02 M EDOT. To ensure the proper wetting of the nanostructured electrodes, they were pretreated prior to electropolymerization by cycling the potential between 0 and 0.5 V 10 times, applying a sweep rate of 50 mV s^--1^. As a next step, potentiostatic polymerization was employed at 0.9 V.

Linear sweep photovoltammograms were recorded in a sealed, custom-designed one-compartment, three-electrode quartz cell. The PEDOT and PEDOT/nanocarbon layer on the GC substrate was used as the working electrode, while a Pt sheet and a Ag/AgCl/3 M NaCl were employed as the counter and reference electrodes, respectively. The applied light source was a Newport LCS-100 type solar simulator operated at full output. The radiation source was placed 5 cm away from the illuminated working electrode surface (200 mW cm^--2^ flux), which was irradiated through a quartz window. The cell, containing 0.1 M Na~2~SO~4~ electrolyte, was saturated with Ar by 30 min of continuous bubbling prior to each measurement. Before the PEC measurements, a potentiostatic pretreatment procedure was applied at *E* = −0.9 V for 3 min to make sure that PEDOT is fully reduced. The photovoltammograms were recorded using a slow potential sweep (2 mV s^--1^) in conjunction with periodically interrupted irradiation (0.1 Hz).

Incident photon-to-charge conversion efficiency (IPCE) measurements were performed on a Newport Quantum Efficiency Measurement System (QEPVSI-B) in a single compartment, three-electrode quartz electrochemical cell. The wavelength range was 350--800 nm (Δλ = 10 nm resolution). The solution was 0.1 M Na~2~SO~4~ saturated with Ar. The electrodes were held at −1.0 V constant potential during the measurements.

Kelvin-Probe Microscopy Coupled UV Ambient Pressure Photoelectron Spectroscopy {#sec2.5}
------------------------------------------------------------------------------

Measurements were performed using the KP Technology APS04 instrument.^[@ref45]^ First, the contact potential difference (CPD) was measured between the sample and the Kelvin probe after electric equilibrium was reached. A 2 mm diameter gold alloy-coated tip was vibrated above the sample surface at a constant height (∼1 mm) and amplitude (0.2 mm), with a constant frequency (70 Hz). Ambient pressure UV photoelectron spectroscopy (UV--APS), measurements were carried out with a stationary Kelvin-probe tip. The sample surface was illuminated with a 4--5 mm spot size, variable energy UV light source. The UV light generates an electron cloud from the SC if *h*ν ≥ *E*~VB~. Under atmospheric conditions, this is followed by the formation of secondary ions (N~2~^--^, O~2~^--^). Then, these ions can be collected by the Kelvin-probe tip; thus a current is measured. In the case of SCs, a cube-root dependence of this current was found from the excitation energy.^[@ref45]^ The intersection of the baseline and the rise in the cube root of the photoemission current can be then related to the VB of a given SC. Before measurements, the Fermi level of the gold alloy-coated tip was determined by measuring the Fermi level of an Ag target (*E*~Fermi,Au-tip~ = 4.67 eV).

Long-Term Photoelectrolysis {#sec2.6}
---------------------------

Long-term PEC measurements were carried out in a sealed two-compartment cell (*V*~solution~ = 40 cm^3^) where the compartments were separated by a Nafion117 membrane. The working electrode was a PEDOT or PEDOT/nanocarbon modified GC (*A* = 4 cm^2^), a Pt sheet was applied as a counter and a Ag/AgCl/3 M NaCl as a reference electrode while the applied potential was −0.9 V during the measurements. The electrodes were pretreated at the same potential for 300 s without illumination. The 0.1 M Na~2~SO~4~ electrolyte was saturated with Ar prior to the measurements (constant bubbling for 30 min). During the reaction, gas samples were taken at 30, 60, 90, and 120 min via an online detection system, which was coupled to the cathode compartment of the cell. Products in the gas phase were separated with a ShinCarbon ST column and analyzed with a Shimadzu GC-2010 Plus gas chromatograph equipped with a barrier discharge ionization (BID) detector. The optimized parameters were the following: carrier gas, helium; oven program, *T*~start~ = 35 °C (2.5 min), Δ*T*~ramp~ = 20 °C min^--1^, *T*~end~ = 270 °C (3 min); injection temperature *T* = 150 °C; linear velocity was controlled by the pressure *p*~start~ = 250 kPa (2.5 min), Δ*p*~ramp~ = 15 kPa min^--1^, *p*~end~ = 400 kPa (7.5 min); and the split ratio was 10.

Results and Discussion {#sec3}
======================

Electrodeposition of PEDOT on the Nanocarbons {#sec3.1}
---------------------------------------------

After immobilization of the CNT or graphene scaffolds on the GC working electrode surface, PEDOT was electrodeposited with potentiostatic polymerization. Varying the polymerization charge density during the synthesis resulted in nanocomposite layers with different PEDOT/nanocarbon ratio (see an example in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)). In the case of the nanocarbons higher currents flow compared to the bare GC because of the higher surface area of the nanocarbon-coated electrodes. Cyclic voltammograms (CVs) were recorded for each nanocomposite sample in an Ar saturated 0.1 M Na~2~SO~4~ solution to determine their charge capacitance. The CVs and the charge capacitance vs polymerization charge density curves, collected for the PEDOT/graphene nanocomposite electrodes, are shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf). The linear relationship between the polymerization charge density and the electroactivity of the obtained PEDOT confirmed the continuous growth of the polymer on the nanocarbon support.

Morphological and Structural Characterization {#sec3.2}
---------------------------------------------

The morphological features of the pristine components and the nanocomposites were investigated with SEM and TEM. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows SEM images of the bare nanocarbons (A, D) and the respective nanocomposite samples (B, C, E, and F). The bare PEDOT formed a continuous, granular, sponge-like coating on the GC electrode surface ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)) which is characteristic of the electrodeposited PEDOT when SDS is applied as an electrolyte.^[@ref46]^ SEM images also confirmed that both the bare CNT and the graphene cover the GC surface completely. The average diameter of the nanotubes was 15 ± 4 nm (see also [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf) for the size distribution histogram, derived from the SEM measurements), while the average graphene flake size was 1088 ± 49 nm.

![(A) SEM images of a bare CNT layer on GC (*m*~CNT~ = 60 μg cm^--2^), (B, C) PEDOT/CNT nanocomposite layer on GC (*m*~CNT~ = 60 μg cm^--2^), *Q*~pol~ = 400 mC cm^--2^, (D) graphene layer on GC (*m*~graphene~ = 110 μg cm^--2^), and (E, F) PEDOT/graphene layer on GC (*m*~graphene~ = 110 μg cm^--2^), *Q*~pol~ = 200 mC cm^--2^.](jp-2018-00145r_0002){#fig2}

SEM images of a PEDOT/CNT nanocomposite demonstrated that the carbon nanonetwork was entirely covered by the polymer ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,C). The thickness of the deposited PEDOT layer can be calculated with the following equation:The histogram, presented in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf), shows that polymer thickness was in the 20--80 nm range, with an average of 40 ± 11 nm. This observation stands only for the layers, where the polymerization charge density was maintained at 400 mC cm^--2^, while the amount of the spray-coated CNT was fixed at 60 μg cm^--2^. The layer thickness, however, can be tuned up to an extent, where PEDOT forms a constant layer filling up the gaps between the individual CNTs. Similar observations can be made for the PEDOT/graphene nanocomposites: PEDOT has also coated the surface of the nanoflakes evenly ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F).

TEM images of the bare CNTs and a PEDOT/CNT nanocomposite (*m*~CNT~ = 60 μg cm^--2^, *Q*~pol~ = 400 mC cm^--2^) revealed that the polymer completely enfolded the nanotubes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A--C). This was further visualized by HR-TEM images ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)). Additionally, a 10--15 nm thick PEDOT film was spotted around the carbon nanotube. Pristine graphene appeared on the TEM images as large, two-dimensional sheets ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). As for the nanocomposite, less sharp and less well-defined edges formed indicating the presence of PEDOT on the surface of the nanoflakes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F).

![TEM images captured for the (A) bare CNTs, (B, C) PEDOT/CNT layer (*m*~CNT~ = 60 μg cm^--2^, *Q*~pol~ = 400 mC cm^--2^), (D) bare graphene, (E, F) PEDOT/graphene (*m*~graphene~ = 110 μg cm^--2^, Q~pol~ = 200 mC cm^--2^) nanocomposites. The white arrows highlight the presence of the polymer on the surface of the nanocarbons.](jp-2018-00145r_0003){#fig3}

To gain further insights into the structural properties of the nanocomposite samples, Raman spectroscopy was employed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The spectrum of the CNT film showed two typical broad bands (black) that are characteristic to all carbon nanomaterials. One of them is centered at 1588 cm^--1^ (G band), and the other one is at 1347 cm^--1^ (D band). The spectrum of the bare PEDOT layer is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A (blue curve). The assignment of the observed bands is presented in the [Supporting Information (Table S1)](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf), which confirmed the presence of conjugated PEDOT.^[@ref47],[@ref48]^ All these characteristic bands are visible on the spectrum of the PEDOT/CNT nanocomposite without any significant and characteristic shift compared to that of the bare constituents.

![Raman spectra of (A) CNT (black line), PEDOT (blue line), and PEDOT/CNT (red line) samples (*m*~CNT~ = 60 μg cm^--2^, *Q*~pol~= 400 mC cm^--2^) and (B) graphene (black line), PEDOT (blue line), and PEDOT/graphene (red line) samples (*m*~graphene~ = 110 μg cm^--2^, *Q*~pol~ = 200 mC cm^--2^).](jp-2018-00145r_0004){#fig4}

The graphene-containing electrodes showed similar trends to the PEDOT/CNT samples ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). There are three characteristic bands on the spectrum: a sharp G band centered at 1570 cm^--1^ (attributed to the vibration of the sp^2^ hybridized carbon atoms), the D band, centered at 1340 cm^--1^ (corresponding to the sp^3^ defects in the graphene layers), and the 2D band, centered at 2689 cm^--1^ (attributed to the double resonant scattering process from zone-edge phonons).^[@ref49]^ The small D/G ratio (0.17) and the shape and position of the 2D band suggest that a high-quality, few-layer graphene was applied in this study.^[@ref50]^ Conclusions that were drawn from the spectrum of the PEDOT/graphene sample are similar to PEDOT/CNT nanocomposites.

Photoelectrochemical Behavior {#sec3.3}
-----------------------------

Given that the various PEC attributes are highly dependent on the morphology and composition of the nanohybrid photoelectrodes, two directions were followed to optimize their performance. First, to find the optimal PEDOT/nanocarbon ratio, the amount of CNT and graphene on the electrode surface was kept constant, while the amount of PEDOT was varied systematically by changing the polymerization charge. After determination of the optimal PEDOT/nanocarbon ratios (one for CNT and another for graphene), the effect of carbon loading was investigated. In these experiments, the PEDOT/CNT and PEDOT/graphene ratio was held constant and the amount of the nanocarbon (and thus the nanocomposite) was varied. The polymer content has a major effect on the maximum photocurrent ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}): at ideal PEDOT/CNT ratio, almost *4 times higher* photocurrents were recorded compared to the pristine PEDOT layers (see dashed line in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). When less polymer was deposited on the conducting CNT network, the photocurrents were notably inferior, together with the cases when the polymerization charge density exceeded the optimal value. When the amount of polymer was less than the optimal value, the surface of the nanotubes was not covered completely, and the electrodeposited polymer layer was too thin to absorb the illuminating light completely. When the PEDOT layer was thicker (more than 100 mC cm^--2^), the PEC properties of the bulk polymer dominated, and the photocurrents approached the values measured for the pristine PEDOT.

![(A) Comparison of the photovoltammograms, recorded in Ar-saturated 0.1 M Na~2~SO~4~ for the nanocomposites prepared with different PEDOT/CNT ratio by varying the polymerization charge density (*m*~CNT~ = 60 μg cm^--2^). Measurements were carried out applying 2 mV s^--1^ sweep rate, 0.1 Hz chopping frequency, and a solar simulator as the light source. (B) Maximum photocurrent vs polymerization charge density plot, calculated from the data presented in part A. The dashed line marks the highest photocurrent, recorded for the best-performing PEDOT photoelectrode.](jp-2018-00145r_0005){#fig5}

As the next step, the PEDOT/CNT ratio was held constant (at the one which gave the highest photocurrents) and the effect of the nanocomposite loading was investigated ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The photocurrent reached its maximum value at a CNT loading of 60 μg cm^--2^. If the spray-coated amount of CNT was less, the effect of the CNT network could not prevailed, because only a very thin film formed on the GC surface, leading to smaller photocurrents. If the spray-coated mass of the CNTs was above 60 μg cm^--2^, the photocurrent values reached a plateau around the value measured previously for the best performing PEDOT/CNT nanocomposite photoelectrode. As for the graphene containing electrodes ([Figures S9 and S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)), some differences can be pointed out: (i) the highest obtainable photocurrent was approximately 1.5 times smaller compared to the CNT case (293 μA cm^--2^ vs 437 μA cm^--2^), but (ii) significantly less polymer was needed to reach the optimal PEDOT/graphene composition (200 mC cm^--2^).

![(A) Comparison of the photovoltammograms, recorded in Ar-saturated 0.1 M Na~2~SO~4~ for the nanocomposites prepared with the same PEDOT/CNT ratio but varying the CNT loading. (B) Maximum photocurrent vs spray-coated CNT mass plot, calculated from the data presented in part A. Measurements were carried out applying 2 mV s^--1^ sweep rate, 0.1 Hz chopping frequency, and a solar simulator as a light source.](jp-2018-00145r_0006){#fig6}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A shows the photoaction spectra of PEDOT and the best performing nanocomposite samples. Before these measurements, we controlled that the photocurrent was a linear function of the light intensity in the 10--200 mW cm^--2^ range (not shown here). The electrochemically active surface area of the nanocarbons was set to be identical (loadings: 60 μg cm^--2^ for CNT and 130 μg cm^--2^ for graphene). The characteristics of the three curves are similar, and the order of the maximum incident photon to current conversion efficiencies was in line with the photovoltammetry data (i.e., the highest values were measured for PEDOT/CNT, and the integrated current densities were equal to those measured during the photovoltammetry scans). The bandgap was calculated by a linear fitting to the cutoff region of each spectrum and extrapolating to the wavelength axis. A bandgap energy of 1.7 eV was estimated, which was similar for all three systems and is in good agreement with the literature values.^[@ref52],[@ref53]^ This is a direct evidence that the absorption range has not broadened in the case of the nanocomposites compared to the bare PEDOT; therefore it cannot be accounted for the enhanced PEC performance. Electrochemical impedance spectroscopy revealed that by electrodepositing PEDOT on the nanocarbon networks, the electric conductivity improved (see detailed analysis in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)). This resulted in better charge carrier transport and suppressed charge carrier recombination, which explains the higher observed photocurrents in the case of the PEDOT/CNT and PEDOT/graphene layers.

![(A) IPCE curves recorded for a PEDOT, a PEDOT/CNT, and a PEDOT/graphene photoelectrode in 0.1 M Na~2~SO~4~ saturated with Ar at −1.0 V constant potential. (B) Band diagrams.](jp-2018-00145r_0007){#fig7}

To determine the Fermi levels and to construct band energy diagrams for both PEDOT and the PEDOT/nanocarbon electrodes, Kelvin probe microscopy measurements were carried out coupled with ambient pressure photoelectron spectroscopy.^[@ref45]^ Similar valence band energy (*E*~VB~) values were found for all three systems (−4.49 eV for PEDOT, -- 4.45 eV for PEDOT/CNT, and −4.40 eV for PEDOT/graphene; see the corresponding APS data in [Figure S11A--C](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf)). Fermi levels were calculated from the CPD measurements ([Figure S11D--F](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b00145/suppl_file/jp8b00145_si_001.pdf), described in detail in the [Experimental Section](#sec2){ref-type="other"}). The *E*~F~ values fall close to the *E*~VB~ of all three systems, which is characteristic of p-type SCs.^[@ref51]^ Additionally, by electrodepositing PEDOT to the surface of both CNTs and graphene, *E*~F~ slightly shifts toward more negative energies. This trend can be explained by the slightly more negative *E*~F~ values, calculated for the bare CNT (*E*~F,CNT~ = −4.74 eV) and graphene (*E*~F,graphene~ = −4.85 eV), moving *E*~F,nanocomposite~ in between the *E*~F~ values, measured for its pristine counterparts (i.e., Fermi level equilibration). After obtaining both *E*~VB~ and *E*~F~ for all three systems, conduction band energies (*E*~CB~) were calculated using the optical bandgap, determined from the UV--vis and IPCE measurements previously. Finally, band diagrams were constructed ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B).

Long-Term Photoelectrolysis {#sec3.4}
---------------------------

The photostability of both the bare PEDOT and the PEDOT/nanocarbon photoelectrodes was investigated by long-term chronoamperometry measurements. In the case of the PEDOT layers, a photocurrent transient evolves right after illuminating the electrode surface, which is followed by a rather intensive decay in the values of the measured photocurrents. The photocurrent reached its steady-state value after around 50--60 min (10--15 μA, black curve in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). Similar transient characteristics can be identified on the curves, measured for both the PEDOT/CNT and the PEDOT/graphene layers (red and blue curves in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A), but the values of the steady-state photocurrents are higher, compared to the pristine PEDOT (∼20--30 μA).

![(A) Long-term chronoamperometry data registered for PEDOT, PEDOT/CNT, and PEDOT/graphene layers at *E* = −1.0 V potential (vs Ag/AgCl) in 0.1 M Na~2~SO~4~ saturated with Ar. A solar simulator was used as a light source. (B) Amount of H~2~ formed during the photoelectrolysis experiments, presented in part A.](jp-2018-00145r_0008){#fig8}

To quantify the evolved product(s) during the long-term PEC measurements, gas chromatographic analysis was performed using a BID detector. Only hydrogen was identified in the gas phase for each system, the amount of which gradually increased during the photoelectrolysis ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B). The weaker stability of the PEDOT/CNT layers was also reflected in the smaller amount of the hydrogen evolved during the experiments, compared to the PEDOT/graphene system. The Faradaic efficiency was between 80% and 100% in all cases.

Conclusions {#sec4}
===========

The effect of CNT and graphene was investigated on the PEC behavior of PEDOT. The polymer was electrodeposited on the surface of both spray-coated nanocarbons, which allowed the precise control of the amount of PEDOT present on the electrode surface. The effects of the PEDOT/nanocarbon ratio and the amount of the spray-coated CNT and graphene on the achieved photocurrent values were explored. At the optimal composition, 4 times higher photocurrents were harvested in the case of the PEDOT/CNT system, compared to the pristine PEDOT, while this ratio was 2.5 in the case of the PEDOT/graphene photoelectrodes. Kelvin-probe measurements indicated a slight shift in the Fermi level of PEDOT in the hybrid configuration, which confirmed the intimate contact between the polymer and the nanocarbon supports. According to the EIS measurements, both nanocarbons significantly enhanced the conductivity of the nanocomposites compared to the bare PEDOT layers. These interconnected CNT and graphene networks facilitated the photogenerated charge carrier transport toward both to the surface of the glassy carbon electrode and to the electrode/electrolyte interface resulting in suppressed charge carrier recombination and thus higher harvested photocurrents. Hydrogen gas was the only detectable product in the gas phase for all systems, which evolved with a Faradaic efficiency, close to 100%.
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